Signaling mediated by the Delta/Notch system controls the process of lateral inhibition, known to regulate neurogenesis in metazoans. Lateral inhibition takes place in equivalence groups formed by cells having equal capacity to differentiate, and it results in the singling out of precursors, which subsequently become neurons. During normal development, areas of active neurogenesis spread through non-neurogenic regions in response to specific morphogens, giving rise to neurogenic wavefronts. Close contact of these wavefronts with non-neurogenic cells is expected to affect lateral inhibition. Therefore, a mechanism should exist in these regions to prevent disturbances of the lateral inhibitory process. Focusing on the developing chick retina, we show that Dll1 is widely expressed by non-neurogenic precursors located at the periphery of this tissue, a region lacking Notch1, lFng, and differentiation-related gene expression. We investigated the role of this Dll1 expression through mathematical modeling. Our analysis predicts that the absence of Dll1 ahead of the neurogenic wavefront results in reduced robustness of the lateral inhibition process, often linked to enhanced neurogenesis and the presence of morphological alterations of the wavefront itself. These predictions are consistent with previous observations in the retina of mice in which Dll1 is conditionally mutated. The predictive capacity of our mathematical model was confirmed further by mimicking published results on the perturbation of morphogenetic furrow progression in the eye imaginal disc of Drosophila. Altogether, we propose that Notch-independent Delta expression ahead of the neurogenic wavefront is required to avoid perturbations in lateral inhibition and wavefront progression, thus optimizing the neurogenic process. 
INTRODUCTION
Notch/Delta signaling represents a major mechanism used by metazoans for cell fate decisions during development, in particular in the nervous system (Louvi and Artavanis-Tsakonas, 2006) . The classical view, derived from early studies in Drosophila, states that neuronal precursors are formed in equivalence groups, in which cells have equal capacity to become neurons (Simpson and Carteret, 1990) . Precursors expressing high levels of Delta induce Notchdependent inhibitory signals in the neighboring cells. These inhibitory signals reduce the capacity of these cells to express proneural genes and Delta itself, preventing them from becoming neurons. In turn, the reduced capacity of the these inhibited precursors to trigger inhibitory signals facilitates the differentiation of the high Delta-expressing precursors. This mechanism has been referred to as 'lateral inhibition with feedback' (Collier et al., 1996) .
Neuronal production is often initiated in restricted areas of the neurogenic epithelium, surrounded by non-neurogenic cells. As development proceeds, the neurogenic region expands, forming a wavefront at the boundary with the non-neurogenic tissue. The vertebrate retina represents a paradigmatic example. In this tissue, neurogenesis starts in its central region within a small cell cluster in response to specific signals (Stenkamp and Frey, 2003; Martinez-Morales et al., 2005) , and then it gradually spreads to the periphery (Prada et al., 1991; Hu and Easter, 1999) . Such spreading is largely dependent on the release of Sonic hedgehog (Shh) by the first neurons to be born in this tissue (Hu and Easter, 1999) , the differentiated retinal ganglion cells (RGCs) (Neumann and Nuesslein-Volhard, 2000; Zhang and Yang, 2001; Stenkamp and Frey, 2003; Choy et al., 2010) . This morphogen-dependent spreading of neurogenesis is reminiscent of the progression of the morphogenetic furrow (MF) in the Drosophila eye imaginal disc (Heberlein and Moses, 1995; Domínguez and Hafen, 1997) .
The dynamic pattern of neurogenesis described above has important implications for the process of neuronal differentiation. Specifically, precursors located at the neurogenic wavefront are expected to receive fewer inhibitory signals than those inside the neurogenic region. This is because they are in direct contact with non-neurogenic precursors, which theoretically lack the capacity to trigger lateral inhibition. Therefore, the conditions at the wavefront are expected to have relevant consequences for the final pattern of neuronal differentiation. Although the importance of static boundary conditions at the borders of a pattern-forming tissue have received some theoretical notice (Honda et al., 1990; Collier et al., 1996; Murciano et al., 2002; Meir et al., 2002; Plahte, 2001) , moving wavefronts of lateral inhibition have only recently come to attention (Owen, 2002; Plahte and Øyehaug, 2007; Pennington and Lubensky, 2010; O'Dea and King, 2011; Lubensky et al., 2011) . These studies show how a neurogenic wavefront can sweep across a field of identical cells and leave behind a pattern of different cell types. However, the search for biological mechanisms used by metazoans to prevent disturbances in the pattern of neuronal differentiation associated with the existence of this wavefront remains open and represents a question of key importance.
Generalized Delta expression is often observed in prospective neural tissues and neurogenic boundary regions. For instance, in the early zebrafish embryo, strong deltaD expression delineates the whole developing retina a few hours before the initiation of neurogenesis in this tissue (Haddon et al., 1998; Kay et al., 2005) . In both the avian and murine retina, Delta-like 1 (Dll1) is expressed more peripherally than its homolog Dll4, being detected in a high proportion of mitotically active progenitor cells (Nelson and Reh, 2008; Rocha et al., 2009; Yang et al., 2009 ). In Drosophila, Delta (Dl) expression has been shown to precede achaete protein accumulation in microchaeta proneural stripes (Parks et al., 1997) . Dl expression has also been described within eye imaginal discs of Drosophila on the surfaces of unpatterned cells ahead of the MF (Kooh et al., 1993; Baker and Zitron, 1995; Parks et al., 1995) . As in other neural structures, generalized Dl expression ahead of the MF seems to be independent of canonical Notch signaling (Kunisch et al., 1994) as hairy (h), encoding a proneural gene repressor, and extra macrochaetae (emc), encoding an antagonist of the proneural gene products, are both expressed in this region (Brown et al., 1995) . Delta expression in all these areas is often observed in most cells, suggesting that it is not a result of the lateral inhibitory process, but rather it represents a mechanism of mutual inhibition equally affecting all precursors (Goriely et al., 1991) . Overall, these observations suggest that generalized Delta expression ahead of the neurogenic wavefront could be relevant in the process of lateral inhibition during neurogenesis.
Using the chick retina as a model system, we show that Dll1 becomes expressed initially in its central region, prior to initiation of the neurogenic process. This pre-neurogenic expression of Dll1 is maintained in the peripheral retina at later developmental stages, when active neurogenesis is not yet visualized in this area. From computer simulation results of a mathematical model for the initiation and morphogen-dependent spreading of the neurogenic process, which restricts the dynamics of lateral inhibition to the neurogenic region, we predict that the absence of Delta ahead of the neurogenic wavefront results in reduced robustness of the lateral inhibition process. Specifically, the absence of Delta is often linked to enhanced neurogenesis and, surprisingly, morphological alterations of the wavefront itself. These predictions could explain observations made by Rocha et al. (Rocha et al., 2009) in the retina of mice in which Dll1 is conditionally mutated and Dll4-dependent lateral inhibition remains within the neurogenic region. Based on all this evidence, we suggest that generalized Delta expression ahead of the wavefront of neurogenesis is required for the avoidance of disturbances in lateral inhibition during the neuronal differentiation process. This might be extrapolated to other organisms and other neural tissues and could therefore be a general control mechanism of differentiation wavefronts.
MATERIALS AND METHODS

Chick embryos
Fertilized eggs from White-Leghorn hens were obtained from a local supplier (Granja Santa Isabel, Córdoba, Spain) and incubated at 38.5°C. The embryos were staged according to Hamburger and Hamilton (Hamburger and Hamilton, 1951) . All experiments were performed in accordance with the European Union guidelines and they were previously approved by the CSIC animal ethics committee.
Reverse transcriptase-polymerase chain reaction (RT-PCR)
mRNA was extracted using the QuickPrep Micro mRNA purification kit (GE Healthcare), from which cDNA was prepared using the First-strand cDNA Synthesis Kit (GE Healthcare). PCR amplification was performed as described by Murciano et al. (Murciano et al., 2002 (Murciano et al., 2002) . Gapdh was amplified for 28 cycles, whereas the other genes were amplified for 29-35 cycles. Under these conditions, amplification was linear. No specific amplification was observed in the absence of reverse transcriptase.
Plasmids
DNA fragments from the coding sequences of chick Atoh7 or Pou4f3 were generated by RT-PCR (using the oligonucleotides described above) from mRNA extracts obtained from E5 chick retina (Quickprep Micro mRNA Purification Kit, GE Healthcare). These PCR fragments were then cloned in the pGEM-T Easy vector (Promega).
In situ hybridization
The digoxigenin-labeled antisense riboprobes for chick Dll1, Notch1 and lunatic Fringe (lFng) were synthesized as described previously (Murciano et al., 2002; Cisneros et al., 2008) . Atoh7 and Pou4f3 digoxigenin-labeled antisense riboprobes were obtained from linearized plasmid templates using T7 or Sp6 RNA polymerases as appropriate (Promega) following the manufacturer's instructions. In situ hybridization was performed as described previously (Murciano et al., 2002) .
Mathematical model: equations
The temporal dynamics for the concentrations of the ligand l i , signal s i , readout r i and morphogen m i species in each cell i result from the difference between production of these molecules and their degradation and, in the case of the morphogen, also from its transport by diffusion. The dynamics are described by the following dimensionless equations:
where the first term inside the large brackets corresponds to production and the last term to degradation. In these equations, v and u set the time scale of the ligand and morphogen dynamics, respectively; b controls the strength of ligand inhibition by the signal (the higher b, the stronger the inhibition); h is the Hill exponent for ligand repression cooperativity; k is related to the ligand-to-signal receptor affinity and gives the strength of Notch signaling (for higher k values, more signal up to saturation is triggered by ligand expression in neighboring cells); m c is the morphogen concentration threshold over which a cell has lateral inhibition dynamics; and r c is the readout threshold over which a cell is committed for differentiation, freezes its lateral inhibition and readout dynamics, and becomes a source of morphogen.  denotes the Heaviside step function, which is 1 when its argument is positive and 0 otherwise. ͗l i ͘ denotes the weighted sum of ligand concentration in the cells neighboring cell i and is given by Podgorski et al. (Podgorski et al., 2007) :
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Development 139 (13) where the sum runs over all nearest neighbor cells j of cell i, and  ij is the length of the boundary shared between cells i and j. DD i m i models the diffusion of the morphogen on an irregular lattice:
with D being the non-dimensional diffusion rate of morphogen, A i the area of cell i, and r ij the distance between cell nodes i and j (Sukumar and Bolander, 2003) . We set the initial cells that act as morphogen sources to have the same dynamics (Eqns 1-3), except for the morphogen concentration, which reads dm i /dtu{1+DD i m i -m i }. Our results do not depend on the exact number or location of the initial morphogen source cells.
The equations for ligand (l i ), signal (s i ) and readout (r i ) consist of a production (synthesis) term minus a degradation term. The stochastic nature of gene expression arising from low copy number molecules has been included by extending the dynamics above for these three molecular species to the Langevin dynamics in the Itô interpretation (Gillespie, 2000; Gardiner, 2004) : where x denotes the molecular species (l, s or r), V is an effective volume of the cell and  xi (t) are stochastic variables of mean zero and variance
e. uncorrelated Gaussian white noises), with  xx' being the Kronecker delta and (t-tЈ) the delta functions.
We studied two distinct cases: wild type-like or Delta1 case (supplementary material Unless otherwise stated, we performed stochastic simulations with the following parameter values: v1, u0.1, h4, D0.5625 , m c 0.001, r c 0.5, V2000 in non-dimensional units. We choose the exponent h4 to take into account in an effective way the nonlinearity introduced by intermediate processes not explicitly included in our phenomenological model. The ligand inhibition strength b and the signaling strength k are the control parameters of our study. Snapshots in figures and movies that show the pattern being formed have b10,000 and k10 unless otherwise stated. We checked that our results hold for a broad range of parameter values (supplementary material Figs S3-S13). Furthermore, for the full stochastic model we have repeated the parameter space characterization using values of the effective volume V between 100 and 5000, observing that our conclusions are robust to changes in the level of stochastic fluctuations.
Mathematical model: simulation details
Stochastic simulations were performed using a variation of Heun algorithm for the Itô interpretation (Carrillo et al., 2003) with a time step of 0.001. Gaussian random numbers were generated according to Toral and Chakrabarti (Toral and Chakrabarti, 1993) . See supplementary material 
Mathematical model: formal characterization of the growing neurogenic domain
We defined a neural density parameter  as n n */n n , with n n * being the number of neural cells and n n the total number of cells within the neurogenic domain.
We defined a front morphology parameter  as n b 2 /(12n n ), where n b is the number of neurogenic cells in the border of the neurogenic domain. The pre-factor is defined such that Ϸ1 for a circular front morphology. ≥1.5 denotes fronts with a strong irregular morphology. Note that this parameter is related to the roundness shape descriptor (Russ, 2011) .
We measured the effective radial velocity of the front v f by fitting the time-evolution of the non-dimensional area of the neurogenic growing domain a(t) to the expression a(t) v f 2 t 2 .
Estimation of the parameter region with stable pattern formation
We performed two theoretical analyses for the simplified version of the model, equivalent to that of Collier et al. (Collier et al., 1996) (Eqns 1 and 2 with r i <r c , m i >m c , dr i /dt0, dm i /dt0) for deterministic dynamics in a hexagonal lattice with periodic boundary conditions: a linear stability analysis of the homogeneous steady state (Collier et al., 1996) and an evaluation of the exact solutions with the periodicity of the lateral inhibition pattern (Formosa-Jordan and Ibañes, 2009 ). The results of these two analyses are plotted by solid and dashed lines, respectively, in all parameter space characterization figures. These analyses serve as a guide to the eye across parameter space and do not distinguish between the Delta1 and Delta0 cases because pattern propagation over a nonneurogenic tissue is not considered.
Drosophila morphogenetic furrow progression simulations
In our Drosophila MF progression simulations, we use the model described above (Eqns 1-7) and set the specificities of the MF as follows. We use periodic boundary conditions on the lateral boundaries of the field of cells, whereas the cells in the top and bottom rows have the morphogen concentration set to zero and no dynamics for the whole simulation. Cells in the third lowest row act as initial sources of morphogen. We simulated two different setups: one with initial high ligand and low signal concentration in all cells (l i 1-0.1U i , s i 0) and uniform response (sensitivity) to morphogen levels (m c 0.001), and another one with a patch of cells of variable size ten times more sensitive to the morphogen (m c 0.0001), to reflect easier onset of Delta-Notch dynamics in h -emc -clones. We also performed simulations in which this patch of cells has normal sensitivity to the morphogen (m c 0.001) but low initial ligand and signal expression (l i 0, s i 0). In all cases, all cells have no initial readout species r i nor morphogen m i . The velocity of the front v f was fitted using the expression a(t)L v f t, where L is the non-dimensional length of the bottom boundary, which is 49 in all simulations.
RESULTS
Dll1 is expressed before the initiation of neurogenesis in the chick retina
Previous studies have shown generalized Dll1 expression before retinal neuron differentiation (Haddon et al., 1998; Kay et al., 2005; Nelson and Reh, 2008; Rocha et al., 2009; Yang et al., 2009) . We decided to investigate this issue by performing a systematic spatiotemporal analysis in the chick retina to evaluate the expression pattern of Dll1 and other genes involved in the neurogenic process. With such an aim, mRNA was isolated from this tissue at different developmental stages ranging from Hamburger-Hamilton stage (HH) 15 to HH24, followed by RT-PCR with specific primers (Fig. 1A) . Dll1 was already detected at HH15, when neurogenesis is about to start (Prada et al., 1991) . At HH15, Notch1, lFng, and the proneural genes Neurog2, NeuroD1, NeuroD4 and Atoh7 can hardly be detected (Fig. 1A) . Together, this indicates that elevated Dll1 expression in the chick retina can already be observed at a stage when neurogenesis is absent. Dll1 expression is maintained throughout development following a pattern similar to that of the housekeeping gene Gapdh. By contrast, both Notch1 and the aforementioned proneural genes steadily increase their expression levels at subsequent temporal stages, in accordance with the spreading of the neurogenic region towards the peripheral retina (Fig. 1A) . Acsl1 is first detected at HH20 (Fig. 1A) , indicating that this proneural gene is expressed at relatively late stages of chick retinal development. High levels of Pou4f3 were first observed at HH24 (Fig. 1A) , as expected from its late expression in a subpopulation of differentiated RGCs (Xiang et al., 1995) . The distinctive expression pattern of Dll1 was confirmed by in situ hybridization. At stage HH19, Dll1 expression was detected throughout most of the retinal neuroepithelium, reaching the peripheral retina (Fig. 1B) . By contrast, we observed Notch1 expression restricted to the central retina (Fig. 1C) , where neurogenesis takes place as evidenced by the expression of the RGC-specific marker Pou4f3 in just a few cells (Fig. 1E ). This observation was confirmed at a later developmental stage (HH25), as previously shown by Nelson and Reh (Nelson and Reh, 2008) . Thus, in situ hybridization with Dll1-specific probes demonstrated that this gene is readily expressed throughout the whole peripheral retina of the HH25 chick embryo (Fig. 1F,G) . By contrast, Notch1 expression is restricted to a more central region of the retina (Fig.  1H) , where Atoh7 expression is readily visible (Fig. 1J) and Pou4f3 is heavily expressed (Fig. 1K) , as expected from the strong signal observed for this gene by RT-PCR (Fig. 1A) . Moreover, the expression of Notch1 is correlated with an enrichment of transcripts specific for lFng, encoding a glycosyltransferase crucial for Notch signaling (Moloney et al., 2000) (Fig. 1D,I ).
A model for lateral inhibition in the retina, controlled by a feedback-regulated diffusing morphogen To gain insight into the role played by the distinctive Dll1 expression described in the previous section, we used a mathematical model of the lateral inhibition process. We have modeled the developing retina as a two-dimensional tissue of irregularly shaped cells ( Fig. 2A-C) , where, for simplicity, we do not consider interkinetic nuclear movement (Murciano et al., 2002; Norden et al., 2009) , cell death or cell division. Developmental events occurring after the advance of the initial neurogenic wave are out of the scope of our work. We model lateral inhibition using an extension of the model proposed by Lewis and co-workers (Collier et al., 1996) . In this model, the expression of a ligand (l, Delta) in a cell is repressed by a signal (s, Notch) that is activated by the levels of ligand in the neighboring cells (Fig. 2B) . We refer to b as the strength of Delta ligand inhibition by Notch, and k as the strength of Delta-driven Notch signaling activation by neighboring cells (see Fig. 2B ). These two parameters control lateral inhibition dynamics and will be fundamental for further mathematical modeling (see below). To this basic model, we add the dynamics for a readout of differentiation species and a morphogen (see equations in Materials and methods).
The readout of differentiation could be identified with Neurog2 and controls how close a cell is to starting differentiation. Because Notch inhibitory activity is downregulated just prior to RGC differentiation (Bellefroid et al., 1996; Nelson et al., 2006; Hämmerle et al., 2011) , we set conditions such that the DeltaNotch lateral inhibition dynamics are stopped and the cell differentiates when its level of readout reaches an established threshold. The readout regulation is modeled replicating the ligand regulation.
The morphogen is set to diffuse from differentiated neurons and could be identified with Sonic hedgehog (Shh) or any other putative morphogen released from newly differentiated RGCs (Hufnagel et al., 2010) . In this regard, Shh has been observed to diffuse from differentiated RGCs in chick (Zhang and Yang, 2001) , mouse (Wang et al., 2005) and zebrafish (Neumann and NuessleinVolhard, 2000) . In our model, the non-neurogenic cells ahead of the neurogenic wavefront that become exposed to high enough morphogen concentrations initiate lateral inhibition dynamics (Fig.  2B) .
Altogether, the described dynamics can drive the following sequence of events (Fig. 2C ). An initial morphogen source (Fig.  2C , cells with green layout at t0) enables cells exposed to high levels of morphogen to enter into lateral inhibition dynamics (Fig.  2C, white cells at t6) . Driven by lateral inhibition, cells may reach high levels of readout and become differentiating RGCs (Fig. 2C,  black cells at t12) . These differentiating cells then stop the ligand,
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Development 139 (13) signal and readout dynamics, and in turn become new sources of morphogen, which diffuses across the tissue. As a result, an expanding domain of active neurogenesis, where lateral inhibition takes place, can spread through non-neurogenic regions giving rise to neurogenic wavefronts (Fig. 2C, t24 and t40) . Therefore, our model is able to account for a single neurogenic domain that grows regularly and homogeneously and leaves behind a lateral inhibition pattern of differentiated neurons, as occurs in wild-type chick retinas (Prada et al., 1991) . A full characterization of the lateral inhibition pattern formed in terms of all model variables is shown in supplementary material Fig. S1 . Fig. 2C illustrates that active neurogenesis progression can be characterized in terms of the differentiation pattern being created, the shape of the neurogenic wavefront and the speed at which the wavefront advances through the non-neurogenic tissue (see Materials and methods). We defined the neural density , i.e. the number of neural cells over the total number of cells within the neurogenic domain, to characterize the pattern of neurons being formed. For lateral inhibition patterns (Fig. 2C, t40 ) the neural density is Ϸ1/3. We defined the front morphology parameter  to characterize the shape of the wavefront. For a circular wavefront such as the one depicted in Fig. 2C , the front morphology parameter is Ϸ1, whereas for irregular morphologies (see supplementary material Fig. S2 for an example)  is appreciably greater than 1. Lastly, we computed the speed v f of wavefront progression from the expansion of the area of the neurogenic domain over time. We will use these three magnitudes to compare neurogenic progression under different conditions. Notch-independent Dll1 expression ahead of the neurogenic boundary is crucial for the neurogenic process To decipher the influence of Dll1 expression ahead of the neurogenic wavefront, we evaluated computationally two different situations. A first wild-type scenario (hereafter named Delta1) which consists of generalized expression of Delta ligand in nonneurogenic regions ( Fig. 2C; supplementary material Fig. S1 ), and a second mutant-like scenario (hereafter named Delta0) in which non-neurogenic regions have no Delta expression (supplementary material Fig. S2 ).
Because quantitative values of all model parameters are unknown, we performed a search in parameter space to evaluate for which parameter values regular neurogenic progression leaving behind a lateral inhibition pattern occurs. We focused on those parameters controlling lateral inhibition dynamics: the strengths of Delta inhibition b and of signaling k.
We performed first a theoretical analysis of a simplified model to determine for which values of these two parameters stable pattern solutions can arise in a non-growing domain (see Materials and methods). Results are depicted with lines in Fig. 3 . This analysis indicated that the patterned state (1/3) exists and is stable to small perturbations above the dashed line, whereas the homogeneous state with no pattern (0 or 1) is stable to small perturbations below the solid line.
In the Delta1 situation (Fig. 3A-C) , a domain of active neurogenesis grows creating a lateral inhibition pattern (Ϸ1/3), mostly above the dashed line. Moreover, in this region the neurogenic front advances with a regular circular shape as measured by the front morphology parameter (Ϸ1; Fig. 3B ) and with a moderate average front velocity (v f Ϸ0.15 in non-dimensional units; Fig. 3C ). Outside this region, two opposed situations are found (Fig.  3A,C) : massive neurogenesis (neural density Ϸ1) with very fast wavefront progression (front velocity v f >0.6), and totally inhibited neural differentiation (neural density Ϸ0) with no wavefront progression (front velocity v f Ϸ0). Examples of the neurogenic domains that are formed for different parameter values, represented by points A, B, C and D in Fig. 3 are shown in Fig. 4 (left panels) .
In the Delta0 case ( Fig. 3D-F) , massive neurogenesis (i.e. neural density Ϸ1) persisted for stronger signaling strength (k) compared with the Delta1 situation (Fig. 3A,D, Fig. 4A ). Therefore, stronger signaling strength (k) is required in the absence of Delta in the non-neurogenic region to drive lateral inhibition patterning, which as a result arises in a reduced parameter space area (Fig. 3D, Fig. 4B) .
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Interestingly, our analysis also demonstrated that the neurogenic front acquires an irregular shape when Delta expression is absent from the non-neurogenic region (Fig. 4C) . The irregular shape of the wavefront is characterized by high values of the front morphology parameter (≥1.5; Fig. 3E ). Front deformation occurs throughout most of the region in which the lateral inhibition pattern (neural density Ϸ1/3) arises. This result indicates that the presence of Delta throughout the non-neurogenic region can prevent the irregular spreading of neurons across the tissue as the neurogenic wavefront moves forward. Moreover, our results show that the wavefront speeds up when Delta is absent from the non-neurogenic region, compared with the Delta1 situation, especially for parameter values that enable the emergence of lateral inhibition patterns with moderate densities of neurons ( Fig. 3F; supplementary material Movies 1-4) .
Overall, our in silico experiments suggest a scenario in which Dll1 expression ahead of the neurogenic wavefront prevents neuronal overproduction and alterations in the morphology of the neurogenic wavefront, while controlling the correct timing of the neurogenic events.
Notch-independent Dl expression ahead of the neurogenic boundary is essential for regular morphogenetic furrow progression
To extend the implications of our model beyond retinal development in vertebrates, we focused on the developing Drosophila eye (Fig. 5A) . In Drosophila, photoreceptor cells are born in response to the expression of the proneural gene atonal (ato), which locates within the morphogenetic furrow (MF) (Brown et al., 1995) . The MF progresses throughout the eye imaginal disc driven by the diffusing morphogen Hh (Heberlein and Moses,
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Development 139 (13) 1995; Domínguez and Hafen, 1997) (Fig. 5A ). In this tissue, both Dl and Notch are expressed ahead of the MF (Fehon et al., 1991; Kooh et al., 1993) in the absence of proneural gene expression (Brown et al., 1995) . Furthermore, h and emc, two regulatory genes known to respectively prevent proneural gene expression and function, are expressed just ahead of the MF (Brown et al., 1995) , an area with potential neurogenic capacity owing to the indirect influence of MF-derived Hh (Greenwood and Struhl, 1999) . This complex expression pattern is compatible with a scenario in which cells ahead of the MF express Dl in the absence of Delta/Notch dynamics, owing to the presence of h and emc. Null mutation of h and emc would facilitate lateral inhibition ahead of the MF (Brown et al., 1995) . In this context, we have developed a modification of our model characterized by the presence of a straight, linear neurogenic wavefront (compared with the circular wavefront in the modeling of the chick retina) that mimics neurogenesis at the MF in the eye imaginal disc of Drosophila ( Fig. 5B ; see Materials and methods).
To test whether our model is compatible with empirical observations in Drosophila, we mimicked the experiments by Brown et al. (Brown et al., 1995) . These authors showed that in mosaic eyes with large clones of cells lacking emc and h expression, the MF advances in a faster way over the clone. With narrow clones, no effect is observed. We modeled emc -h -clones with cells that have an increased sensitivity to Hh morphogen, triggering Delta/Notch lateral inhibition dynamics at a lower concentration of morphogen ( Fig. 5C ; supplementary material Movie 5). The left panel of Fig. 5C shows a snapshot of a simulation of our model for normal progression of the MF in the absence of an emc -h -clone. In the second panel, we see that a small clone has no effect on the progression of the furrow, as previously observed by Brown et al. (Brown et al., 1995) . The third panel shows a snapshot of the faster advance of the differentiation front over a large emc -h -clone, in striking resemblance to observations in Brown et al. (Brown et al., 1995) . This shows that our model can correctly reproduce perturbations of the conditions ahead of neurogenic fronts in situations beyond our initial study of neuronal differentiation in the vertebrate retina.
To compare this with our study of the chick retina, we simulated clones of low Delta ligand (Fig. 5C , fourth and fifth panels), obtaining results qualitatively similar to the case of increased neurogenic potential ahead of the MF (compare with second and third panel in Fig. 5C ). An irregular wavefront seemed to arise additionally in the Delta0 large clone (Fig. 5C, last panel) . This is confirmed by simulations in which all cells ahead of the MF are either emc -h -or have absence of Delta ligand ( Fig. 5D ; supplementary material Movie 6). In comparison with the wildtype simulation (Fig. 5D, first panel) , a faster progression occurs in each case (Fig. 5D , second and third panels) but irregular progression of the MF arises only in the absence of Delta ligand (Fig. 5D, third panel) . When cells ahead the MF are emc -h -and, in addition, have no Delta ligand expression, MF progression is irregular too and slightly faster (Fig. 5D, fourth panel) .
Despite the change in geometry (a linear wavefront in Drosophila vs a circular wavefront in the chick retina), these results are fully comparable to our study in the context of the chick retina. These results predict that Dl expression ahead of the neurogenic boundary is also essential for regular morphogenetic furrow progression in the Drosophila eye.
DISCUSSION
We have shown in the chick retina that Dll1 is expressed in nonneurogenic regions ahead of the neurogenic wavefront in the absence of Delta/Notch dynamics. Our in silico experiments suggest that this Dll1 expression can prevent both neuronal overproduction and alterations in the pattern of neuronal 2327 RESEARCH ARTICLE Neurogenic wavefront and Delta differentiation, while controlling the correct timing of the neurogenic events. Our results are consistent with a model in which the absence of inhibition from neighboring non-neurogenic cells could lead to irregular accelerated neurogenesis in boundary neurogenic precursors and these irregularities would get amplified causing more distortion of the wavefront as neurogenesis continues to spread out. By contrast, Dll1 expression in non-neurogenic cells would prevent these distortions to occur. Interestingly, neuronal overproduction and alterations in the neurogenesis pattern can be observed in the developing retina of conditional knockout mice lacking Dll1 expression, but maintaining lateral inhibition dynamics owing to Dll4 expression within the neurogenic region (Rocha et al., 2009) . Our results simulating the MF furrow in Drosophila also support the notion that Notch-independent Dl expression is crucial for maintaining the shape of the neurogenic wavefront. Unfortunately, the analysis of the influence of generalized Dl expression ahead of the MF in preventing neurogenic wavefront disturbances is hampered by its function as a proneural enhancer in this region, which results in the absence of retinal neurogenesis when mutated (Baker and Yu, 1997; Ligoxygakis et al., 1998) .
The self-regulated mechanism for wavefront progression in the retina described in this study depends on the release of a diffusible morphogen that induces non-neurogenic cells to adopt a neurogenic fate. It has been proposed that the Shh-dependent mechanism does not take place in the mammalian retina (Wang et al., 2005) , suggesting that morphogens other than Shh derived from newborn RGCs in mammals might participate in this process. Our model does not depend on the precise identity of the morphogen(s) involved in the process.
The mechanism described in this study could operate in other regions of the developing nervous system, also regulating neurogenic wavefronts. This could be the case for the chick caudal stem zone, a structure adjacent to the area showing active neurogenesis in the spinal cord. This caudal structure has been shown to express Dll1 in a broad and uniform domain, prior to the establishment of lateral inhibition in the differentiating neuroepithelium (Akai et al., 2005) . Nevertheless, unlike what is observed in the retina, neurogenic wavefront progression in the spinal cord seems to depend on an external source of retinoic acid, a morphogen released from mesodermal structures adjacent to the spinal cord (Diez del Corral et al., 2003) .
Our results raise questions about the mechanism directing Dll1 expression ahead of the neurogenic wavefront. In the chick caudal stem zone, generalized Dll1 expression has been shown to depend on Ascl2 (Akai et al., 2005) , a proneural gene the murine homolog of which is absent from the retina (Mouse Genome Informatics accession ID: MGI:3499012) (Gray et al., 2004) . In the mouse, Ascl1 has been shown to induce Dll1 expression when overexpressed in chick retinal explants (Nelson and Reh, 2008) , but this effect is likely to be derived from the proneural nature of Ascl1, associated with its expression in Notch-active progenitors (Nelson et al., 2009) . Therefore, the mechanism inducing Dll1 expression in the HH15 chick retina, prior to Ascl1 and Notch1 detection, and in the most peripheral retina at later stages, where Notch1 and lFng are absent, still remains unknown. The uncovering of such a mechanism will facilitate the design of experiments to test the predictions of our model further. One possible experiment to falsify our model would be the creation of knock-in mice in which Dll1 promoter elements specific for Notch-independent Dll1 expression are mutated. This genetic approach would inhibit Dll1 expression in the non-neurogenic region but not in neurogenic precursors undergoing lateral inhibition.
Together, our results show that the properties (pattern formed, shape and velocity) of progressing fronts of lateral inhibition, in our case neuronal differentiation, depend crucially on the conditions ahead of the differentiation front. Our observations regarding Dll1 expression point to a mechanism for neurogenic front regulation in the retina, but as our study of the MF in the Drosophila eye shows, it could be an example of a more general developmental mechanism. Ligand expression in front of a lateral inhibition wavefront might act as a key regulator of differentiation processes. 
Λ is the distance between first nearest neighbor nodes on the triangular lattice and υ x and υ y are random numbers drawn from an uniform distribution between 0 and 1. γ sets the magnitude of irregularity of the resulting lattice such that the resulting field is composed of equal perfectly hexagonal cells for γ=0, and irregularity increases with increasing γ. Unless otherwise stated, in this work we use lattices of 49×49 irregular cells with Λ=1 and γ=1.6. A Voronoi tessellation is created around these points using nucleating in a small patch of cells (Hu and Easter, 1999) , and ensure that morphogen expression is not observed in front of the neurogenic wave, in agreement with experimental observations (Zhang and Yang, 2001; Neumann and Nuesslein-Volhard, 2000) .
